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ABSTRACT

The university of British Columbia (UBC) Library plans to install an Automated Storage and
Retrieval System (ASRS) at its Irving K. Barber Learning Centre. The system is intended to
store 1.4 million volumes of materials, 0.8 million of which have already been identified. The
Centre for Operations Excellence (COE) was asked to assist in the design of the system, to
recommend desired staffing levels at the service desks and to assist in the selection of the '

remaining 0.6 million volumes of materials that should be stored in the system.

In the ASRS, materials are stored in bins, and we have used stratified sampling in order to obtain
the desired distribution of bin heights in the system. We have then formulated the overall bin
confi guration problem as an integer programming problem, and have used branch and bound and

local search to find an optimal system configuration.

Two discrete-event simulation models were constructed, using Arena 6.0, to gain insight into the
operation of the system, and to recommend staffing levels at the circulation and reference desks,

which ensure acceptable service levels. Finally we have used staffing levels and service level

criteria to identify the remaining 0.6 million volumes of that should be stored in the system.
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1. INTRODUCTION

Automated Storage and Retrieval Systems (ASRS) have been widely used in the United States
and western European industrial settings since the 1960s. In the 1970s, such a system wés first
introduced for library applications, but turned out to be a failure. In 1988, with the improvement
in technology, a modern ASRS was successfully implemented at the library of California State
University, Northridge. In the 1990s, three more universities in the United States installed ASRS.
To find out more about the evolution and implementation of ASRS in university libraries, see e.g.
[19].

In 2003, UBC Library — the second largest academic library in Canada — decided to install an
ASRS to store slow moving materials, mainly to solve a space limitation problem. Thé system
was designed to have eight rows of bins, to hold materials of different heights. UBC Library has
sought a recommendation, from the Centre for Operations Excellence (COE) at UBC, what
should be the bins’ heights, and the number of bins of each height. To answer these questions,
the COE adopted Stratified Sampling to find out the heights’ distribution of slow moving
materials which were already designated to be stored in the ASRS. Based on the sampling results
and estimation of future growth, the COE has provided recommendations on the selection of

bins’ heights and corresponding number of bins of each height.

Currently, the slow moving materials at the UBC Library are stored in several locations and
some of them are not circulated. After the system is in operation, those materials will be
consolidated at the Irving K. Barber Learning Centre and will become available for circulation.
The slow moving materials are separated into two major categories: Archives and Special
Collections and non-Archives and Special Collections. Patrons of the former category will pick
up materials from the Archives and Special Collections reference desk. Patrons of the latter
category will pick up materials from the circulation desk, and will be referred to as ASRS
general patrons in this thesis. Due to volume growth and consolidation, the arrival rates at the
reference desk and the circulation desk will increase. Therefore, it is necessary to plan for new

staffing levels. Based on the analysis of past record for arrivals, an entire year was divided into

high, middle and low seasons and representative months were selected in each season. For each




representative month at the circulation desk, the distribution of daily arrivals was fitted and the
95 percentile point was selected to represent daily arrivals. Hourly arrival rates were then
analyzed to obtain the daily arriving pattern in a day to determine the staff scheduling. A similar
analysis was done for the reference desk. Two simulation models were developed to represent
the system’s operation and the borrowing process. The service levels for different customer
processing times and different number of staff members were estimated and recommendations on

staff scheduling in the different seasons were provided.

Finally, according to UBC Library’s plan, an additional 0.6 million volumes of materials should
be identified to be put in the ASRS, in addition to the 0.8 million volumes of materials which
were already identified to be stored in the system. A selection rule for the additional 0.6 million
volumes of material should be determined. In this project, these additional materials were
identified by examining their effects on service level. More specifically, we have evaluated the
service level of the system as a function of the circulation intervals of the additional materials.

Based on our findings, it was recommended that the circulation interval of the additional

materials should be longer than 13 years.




2. BACKGROUND
2.1 Project Background

The UBC Library is the second largest research library in Canada. It consists of 21 branches and
divisions at UBC campus and at other locations. Its collection includes 4 million books and
journals, 4.9 million microforms, over 1.5 million maps, videos and other multimedia materials,
as well as over 33,500 subscriptions by the end of year 2002. With the growth of library
collections, the lack of library space could not be ignored any more. However, there are about
one million of materials on shelve‘s that are not circulated for several years. To solve the.iésue of
space limitation, UBC Library plans to install an Automated Storage and Retrieval System
(ASRS) at the Irving K. Barber Learning Centre (currently called Main Library, a branch of

UBC Library) to store slow moving materials.

2.2 Introduction to the Automated Storage and Retrieval System

Automated sforage and retrieval technology has been used in the industrial world since the 1960s
[19]. From the 1990s, it has become an option for libraries to solve storage problems [19]. In an
ASRS, a storage unit is either a bin or a shelf, depending on the supplier of the system and the

customer’s requirement. UBC has selected the bin as the storage unit (Figure 2.1).

Bins are contained in frames. The frames are separated into bays by a vertical division and into
tiers by a horizontal division. Two rows of frames share one crane. The crane moves back and
forth along the aisle between the two rows of frames to retrieve the requested bin and put it onto
the designated workstation. When the retrieved bin is no longer needed, it will be returned to its

original location by the crane.

In ASRS, materials can be either randomly stored or stored in fixed bins, while the location of
each bin is fixed. Items and bins are linked by barcode. When an item is put into a bin, both the

item’s barcode and the bin’s barcode are scanned and the computer set up a link between the

item and the bin. Next time when the item is requested, the crane will be instructed to pick up the




right bin. When an item is removed from a bin, both barcodes will be scanned as well to remove

the link.

The ASRS that will be installed at the Irving K. Barber Learning Centre will consist of four
aisles, where each aisle consists of two rows. Therefore, there will be eight rows in total. In the
original plan, two rows will have 59 bays and the other six rows will have 62 bays. Archives and
Special Collections will be stored in the bottom three rows shown in Figure 2.2. In this paper, the

bottom row is named Row 1 and the uppermost row in the figure is named Row 8.

The system will hold 0.8 million volumes of materials at the initial stage and is expected to hold
1.4 million volumes of materials at the final stage. The sources of the 0.8 million volumes of
materials are shown in Figure 2.3. When the system is in operation, patrons will request
materials in the system through online catalogue. The requests will initiate the system and the

right cranes will be instructed to complete the requests.

Crane .
Tiers

Abin (2’ x4%)

Bays Rows

Figure 2.1 The Automated Storage and Retrieval System



Figure 2.2 The Layout of ASRS at The Irving K. Barber Learning Centre
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Figure 2.3 Locations of Materials That Will Be Initially Stored in the ASRS



2.3 Problem Definition

2.3.1 Bin Selection

Materials will be stored in bins in the ASRS. The length and width of each bin are fixed at 4’ x
2°, while the heights of the bins can be different. The height of the space for installing the system
has been predetermined. Therefore, the more high bins are selected, the fewer tiers the space is
able to hold; Thus, the system will have a lower capacity. UBC Library has set the 10§vest bins to
be of a six-inch height, which will be used for storing microforms, and the highest bins are set to
be of a sixteen-inch height.'The Library needs advice on the selection of one or two additional

heights of bins and the number of bins for each height.

2.3.2 Staffing Levels

Slow moving materials include microforms, Archives and Special Collections, journals, inactive
serials, and so forth, and are currently stored on sevefal floors at the Main Library. Patrons for
Archives and Special Collections are served at the Archives and Special Collections reference
desk. If a patron needs an item, s/he fills in a slip and submits to a staff member at the reference
desk. Then the staff member figures out where the item is located and goes to the right shelf to
fetch it. No patrons are allowed to access the shelves. After the ASRS is installed, requested
materials will be sent by a crane to a designated workstation close to the reference desk.
Therefore, it will save staff’s time. On the other hand, the number of volumes for Archives and
Special Collections is increasing each year, which implies a possible increase in the number of
patrons requesting service. Thus, it is necessary to estimate the required number of staff

members that should be operating at the reference desk after the system is in operation.

Some of the slow moving materials are only browsed in the library and not allowed in circulation.
Others are only accessible by library staff, as is the case for the Archives and Special Collections.
After the ASRS is installed, those materials will be consolidated into the system and cannot be

browsed any more. Therefore, there will be far more patrons coming to the circulation desk and

the staffing levels will have to increase. In this project, a year was divided into high, middle and




low seasons based on past arrivals data, and optimal staff scheduling is determined for each
season. The actual job assignment in the UBC Library, which will result with the recommended

staffing levels at the circulation desk, is beyond the scope of the project.
2.3.3 Selection Rule

Recall that of the 1.4 million volumes of materials that will be stored in the ASRS at UBC
Library, about 0.6 million volumes of materials have yet to be identified. Different criteria can be
used to decide upon the additional materials that should be added, and we used the staff
requirement criterion. Naturally, the more frequently items are used, i.e., the shorter are their
circulation intervals, the more staff members are required to achieve thé same service level. Thus,
in this project, we examined the relationship between the circulation intervals of the 0.6 millions

of additional materials and staffing levels to achieve a given service level, in order to set a lower

limit for the circulation interval of these materials.

2.4 Job Responsibilities of Library Staff at the Circulation Desk and Reference Desk at

Irving K. Barber Learning Centre after the System Is in Operation

2.4.1 Circulation desk

Patrons arriving at the circulation desk may request different services. For example, patrons
coming from open shelves are provided by checkout service from the library staff. The service
provided to patrons requesting items in the ASRS will be different, as displayed in Figure 2.4.
There may also be patrons requesting information, to pay fines, to renew borrowed materials,
and so forth. In this project, only services for open-shelf patrons, including renewal, and ASRS

patrons are considered.

2.4.2 Archives and Special Collections Reference Desk

Staff members at thé reference desk provide different types of services as well. If a patron

requests an item from the compact shelves, a staff member will go to the right shelf to fetch the




item. If a patron requests an item from the ASRS, the staff will provide the same service as the
circulation staff does for ASRS general patrons. The staff members are also responsible for
questions asked over the phone, email or in person. In this project, only services provided for

compact-shelf patrons and ASRS patrons are included.

2.5 Service Time and Customer Processing Time

The service provided to ASRS patrons could be different based on the situation. Figﬁre 2.4
describes the services that could be provided for ASRS patrons as well as displaying the

relationship between the service time and customer processing time under different conditions.

’— Ci pr ing time

1 )
Y The stalf member N
finds the item on Checkout

the shelf.

A patron reaches
the desk.

The patron
leaves.

Item Ready?

Y The staft’
member picks
up the item.

The staff member
locates the item. —

Ready at the
workstation?

The staff member Wait till the item
prioritizes the  ——=  ready at the
request. workstattion

]

Service time

Figure 2.4 Relationship Between Customer Processing Time and Service Time




3. LITERATURE REVIEW

As previously mentioned, one of the objective of the project carried out by the COE for UBC
Library is to find the optimal new staffing levels at the circulation desk after the ASRS has been
installed. Such a staffing problem, wherein we seek the optimal, time dependent, number of staff
to serve customers, is often refereed to as the operator staffing problem, and has many
applications. Below, we briefly report on several applications of this problem and approaches

used to analyze it.

Kolesar et al. (1975) studied the problem of scheduling police patrol cars to meet specified
service standards at each hour of the day in New York City. In this paper, the patrol environment
was viewed as a complicated multiple-server queueing system and an M/M/s queueing model
was solved numerically with time-dependent parameters. The authors showed that one specific
measure of service performance was quantitatively related to the number of cars fielded and how
this relation could be used to generate estimates of the number of cars required at each hour of

the day to obtain desired police performance levels.

Buffa et al. (1976) proposed a stepwise approach to employee scheduling, in which the demand
rates were forecasted period-by-period, and then the forecasted demands were converted to
period-by-period minimum employee requirements. This approach was later referred to as the
stationary independent period by period (SIPP) approach and led to extensive further studies on
queueing effects in dynamic (control) models. Agnihothri and Taylor (1991) followed this
approach to find the optimal staffing levels to handle daily call arrivals in Lourdes Hospital. The
authors grouped consecutive intervals into different periods, where intervals in the same period
had similar arrival rates. Thus arrivals can be viewed as stationary. An M/M/s model was used in

each period to find the minimum number of staff members to meet the service target.

Green et al. (1991) pointed out that a stationary approximation underestimated delays even when

the arrival rate was only modestly non-stationary. They proposed an approximation for long-run

average performance measures called the pointwise stationary approximation (PSA) for queues




with non-stationary arrivals to measure long-run average performance. Such approximation

works very well when the arrival rate changes sufficiently slowly relative to the service time.

Mason et al. (1998) used a simulation system, embedded within a heuristic search, to determine
minimum staffing levels for arrival and departure work areas at the Auckland International

Airport.
Finally, we note that the Centre for Operations Excellence (COE) studied the staff scheduling
- problem at UBC Library (Guo, 2003). In this study, an M/M/s model was employed to find the

minimum required number of staff to meet a certain service level.

In our project, since staff members provide different service to different patrons, simulation turns

out to be a more convenient tool to tackle the scheduling problem.




4. METHODOLOGY

For the bin selection problem, a statistical sampling method is used to find out the heights’
distribution of slow moving materials. Then, an integer programming methodology, coupled with

a rudimentary local search is used to get a good solution for the system’s bin configuration.

To obtain the staffing levels and selection rule for the storage of the additional 0.6 million
volumes of materials, simulation seems to be a natural tool for the following reasons: first, when
ASRS patrons arrive at the desks, it is difficult to know whether the items requested are
available. Therefore, it is hard to estimate the service time for those patrons. In the simulation
model, there is an imbedded clock and the software has time record function. Thus, the time each
patron reaches a desk and the time each patron leaves can be recorded and the service time for
each patron can be derived; second, the customer processing time and arrival rates are not
available as the system has not been in operation. It is convenient to use a simulation model,
wherein different scenarios can be easily investigated, by changing parameter values, in order to

gain an insight into the performance of the whole system.

4.1 Bin Selection

In order to select the bins’ heights, the proportions of materials of different heights are required.
We assume that the 0.8 million volumes of materials selected by UBC Library at the initial stage
are good representatives of the total 1.4 million volumes of materials for deciding upon such

proportions.

The 0.8 million volumes of materials are first separated into three groups (refer to Figure 2.3):
Group 1: Microforms
Group 2: Archives and special collections

Group 3: Other materials including books, journals, inactive serials, etc.

4.1.1 Sampling Design

Since the materials are divided into three groups and located in different locations, Stratified




Sampling turns out to be the most suitable method in this situation.

4.1.1.1 Review of Stratified Sampling
- In Stratified Sampling, the entire population is divided into several strata. The sum of the
population of all the strata equals to the entire population. The simplest way of sampling is to

select samples independently from each stratum (Figure 4.1).

Figure 4.1 Stratified Sampling Plan

Suppose the population of N is divided into H “layers” and N1 + N2 + ... + N , = N, and
samples are independently selected from each stratum to find out the proportion of a specified

height category /, then the proportion of the total stratified samples, f;m', is equal to the weighted

sum of the proportion of the samples, ﬁ,,], in each stratum (4-1), and the variance of the total

stratified samples is equal to the weighted sum of the variance of the sample proportion in each

stratum (4-2).

(e -
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where (1- ) is the variance of the sample proportion in the h"™ stratum, and

h nh

N, — the population in stratum h, 7, — the sample size in stratum h, and N — the entire population.

4.1.1.2 Sample Size

Formula (4-3), shown below, implies that sample size is determined by half-width of the

confidence interval (p' - Zyn» JVar(p') » D't Zup JVar(p')) on the true proportion P for

height category / at confidence level (1-a).

e=Z w f1- 0 (PUZP) (4-3)
N n—1

where n is the sample size, N is the entire population, and ./Var(p') / p (1

Therefore, once the desired width of the confidence interval is set, the sample size can be
determined. In this case, however, we should decide the sample size in each stratum instead of

that in the entire population.

Since the width of the confidence interval is determined by Z,; and the variance of sampled
proportion p', if the width of the confidence interval on the trie proportion in each stratum is

the same and the confidence level (1-a) is set at the same value, the variance of the sample

proportion in each stratum will be the same. Then, from (4-2), the variance of the total stratified




samples will be smaller and we will definitely meet the requirement on the width of the
confidence interval on the true proportion in the entire population. Therefore, we set the width of
the confidence interval on the proportion in each stratum to be equal to the width of the
confidence interval on the proportion of the entire population, which allows us to choose the

sample size in each stratum independently.

4.1.2 Method of Measurement

There are different types of materials at UBC Library. For example, there are books, journals,
serials, as well as manuscripts, videotapes, pictures, slides, etc, all stored at different locations. It
is necessary to give a standard “volume” definition for all materials. For example, if one book is
considered as one volume, due to the difference in thickness, biased results will be generated.
UBC Library provides a general rule for calculating “volumes” which is 10.3 volumes / foot

when books are arranged as shown in Figure 4.2.

1 foot

Figure 42 Conversion Between Space Length and Volumes

Through the above conversion, each location can be further divided into sub-strata. Each shelf is
considered as a sub-stratum and shelves are randomly selected to measure the length that each

height category occupies.

4.1.3 Heights’ Categories

Bin’s height is restricted to be integer. Six inches and sixteen inches high bins have been pre-
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selected as the lowest and highest bins, respectively. Additional bins’ heights need to be
determined. Table 4.1 below, which shows height distribution in a small sample we have done,

suggests six height categories.

Table 4-1 Proportion of Each Height Category in a Preliminary Sample

Height category Proportion .

H<8 3.93%
§’<H<9” 5.66%
9"<H <107 23.68%

10"<H <117 30.68% .
1M7<H <127 v 15.34%
12"<H <137 10.86%
13”<H<16” 7.87%
H> 16” 1.97%

4.1.4 Bonferroni Correction

The heights are divided into six categories. It means that there will be five proportions that
should Simultaneously have the width of their confidence intervals set by Formula (4-3). Formula

(4-3) is suitable for getting the width of confidence intervals one-at-a-time. Therefore we need to

modify the Formula (4-3) by Bonferroni correction:

e=Z gu oM |[PAZP) (1 | (4-4)

where r 1s the number of simultaneously established confidence intervals.




4.2 Staffing Levels and Selection Rule

4.2.1 Process Mapping

Information is gathered from the system’s supplier and other universities that have already
installed ASRS. Our understanding of the future operation is reflected in the process maps. There
are two process maps. One describes the borrowing process, while the other describes the

returning process. They are shown, respectively, in Appendix A.

4.2.2 Data Collection

The data required to run the simulation models are:

e Arrival rate.

e Customer processing time: The time spent at the circulation desk to serve a patron.

e Crane processing time: The time for a crane to retrieve a bin and place it on a designated
workstation.

e Material processing time: The time for a staff to locate and pick up a requested item from

ASRS.

Data for estimating arrival rate are collected from the records of the past five years. Technical
specification for selected type of crane is gathered from the supplier. Materials processing time is
set based on information obtained from other universities that have already installed the system.

The customer processing time is deemed as a variable in the model.

4.2.3 Model Development

4.2.3.1 Simulation Software: Arena 6.0

4.2.3.2 Essential Elements of the Simulation

Simulation models are event driven. Library staff members are considered as transporters instead

of resources (servers), since they are required to go back and forth between the circulation



(reference) desk and workstations. Distance unit is foot-and time unit is second.
4.2.3.3 Number of Stations

There are either 62 bays or 59 bays in each aisle. In the real system, the crane is able to go to any
of the bays. In the simulation model, if we establish 62(or 59) stations for all the 62 (or 59) bays,
it will be very time consuming. (The time for building stations in the model increases by 2%,
where k is the number of stations that are added). So we experimented with different number of
stations and checked the number of requests that a crane was able to process in one hour. From
Figure 4.3, we noticed that the number of processed requests did not increase much when more
than 4 stations were used to represent the 62 béys. Therefore, we divided equally each aisle into
four zones and each station represents one zone. Since a crane in ASRS has simultaneous vertical

and horizontal movements, tiers in an aisle are also equally divided into four zones.

Productivity of a crane
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Figure 4.3 Maximum Number of Requests Processed in a Day

Using Different Number of Representative Stations




4.2.3.4 Relationship Between the Number of Requests and the Number of Patrons

Based on the analysis of available data for slow moving materials it was found that, on average,
one person borrows 1.6 items (note: not applicable to open shelf patrons). Therefore, we assume
that one person requests a single item (a conservative assumption). After a request enters the
model, it initiates the corresponding crane to pick up the bin. At the same time, the request is
duplicated to create a patron who will go to the circulation desk (or reference desk) to pick up the
requested item. After the crane has completed the request, the request is converted to a single

item, waiting for a staff member to pick up.

4.2.4 Assumptions

e Staff members at the same desk have identical job responsibilities.

e Whenever there is no patron at the desk and there are items waiting at the workstation to be
picked up, a staff member will go to the workstation to pick up the items.

e Patrons will go to the circulation desk (or reference desk) immediately after they make

- requests on UBC Library website.

e When a patron reaches the desk and the requested item has not been processed by the crane,
the staff will prioritize the request.

e Return process is ignored in the simulation model for the following reasons:
After a requested item has been removed from the bin, the staff member will be asked if there
are any items waiting to be put back in the system, prior to storing the bin. The staff member
could then begin scanning and putting back the items that meet the criteria for the bin at the
workstation. Therefdre, the time for the return process is quite short and can be ignored.
Furthermore, the arrival rate in the first two hours in the morning and in the evening after
8:00 pm is very low, so the staff members could utilize these periods to put back items.

o Service discipline is first come first serve.

4.2.5 Models

Two models have been developed. One is for a single staff member at the circulation desk and a




single staff member at the Archives and Special Collections reference desk. The second model is
for multiple staff members at the circulation desk and multiple staff members at the Archives and
Special Collections reference desk. The need to have two models is that it is difficult to represent
the real operation in the simulation model when there are multiple staff members. Thus, when

there are multiple staff members at the desks, we have to simplify the simulation model.

4.2.6 Model Valjdation

Since the new system has not been in operation, we have only verified the model’s logic.

4.2.7 Criteria for Determining the Staffing Levels

UBC library would like to have a table which displays the service performance for different
number of staff members. Thus, we have evaluated the maximum queue length with different
staffing levels. Once the maximum queue length was decreased to the critical value, chosen to be

ten and acceptable by UBC Library, we stopped increasing the number of staff members.

4.2.8 Scenario Analysis

Since the customer processing time is unknown, we input different processing times to examine

the maximum queue length at different staffing levels.




5. RESULTS

5.1 Bin Selection

5.1.1 Sampling Result

Aside for the six-inch and sixteen-inch high bins selected by UBC Library, two additional sizes

of bins, ten-inch and twelve-inch, are recommended based on sampling results (Appendix B).

Table 5-1 provides the proportion of bins heights derived from our sampling analysis.

Table 5-1 ~ Sampling Result
Bin height Proportion
6” 1%

10”7 33%
127 61%

16” 5%

5.1.2 Estimated Proportions for Different Time Horizons

The volumes of Archives and Special Collections increase with time. Based on the current

volumes and growth rate, we have come up with different proportions for different time

horizons. Detailed information is provided in Appendix B.

Table 5-2

Estimated Proportions of Bin Heights’ for Different Time Horizons

Binheight | VR | reon | horsron
6" 1.09% 1.09% 1.09%
10” 36.16% 35.05% 33.94%
12” 57.80% 59.06% 60.32%
16” 4.95% 4.81% 4.66%
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5.2 Results from the Simulation Models

There are two major semesters in each year at UBC. One is the Winter Semester, the other is the
Spring Semester. A winter Semester starts from early September and ends in December. A spring
Semester starts from early January and ends in April. As a result, the number of patrons at UBC
Library displays a seasonal pattern. Therefore, we divided the twelve months into three different
seasons, high, middle and low, at the circulation desk and reference desk, according to the
number of daily arrivals (Appendix C). The following provides the simulation results for
(different scenarios. The maximum values shown in the various displays are the average of

maximum values in 30 replications.

5.2.1 Circulation Desk

5.2.1.1 Initial Stage (0.8 Million Volumes)

One Staff
S
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Figure 5.1 Maximum Queue Length in Front of Circulation Desk
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Figure 5.2 Maximum Queue Length in Front of Circulation Desk

From the results above, we conclude that three staff members are required in the worst case. In
the middle and low seasons, two staff members are enough to keep the maximum queue length
relatively short (less than ten). Besides the queue length, we examine the maximum waiting time
as well. Table 5-3 gives the maximum waiting time for the longest average customer processing

time. We observe that the maximum waiting time is short enough as well (less than ten minutes).

Table 5-3 Maximum Waiting Time at the Initial Stage (65s, 120s)

Number of staff| Maximum waiting time (minutes)
High season 3 6
Middle season 2 7
Low season 2 5

Note: (65s, 120s) means that the average customer processing time for open-shelf patrons is 65 seconds, and the

average customer processing time for ASRS general patrons is 120 seconds.
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Figures 5.1 and 5.2 are based on the assumption that all open-shelf patrons will go to the
circulation desk to check out material. Howevér, there are self-check out machines in the library.
In Figure 5.3, we display the maximum queue length if some of the open-shelf patrons make
self-check out. It demonstrates that if UBC Library educates patrons to use self-checkout
machine, the maximum queue length will significantly decrease. As a result, fewer staff

members will be required.
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Figure 5.3 The Impact of Self-checkout to Maximum Queue Length

5.2.1.2 Final Stage (1.4 Million Volumes)

The previous results are for the initial stage when 0.8 million volumes of materials are stored in
the system. Next, we will estimate staffing levels required when the ASRS is full i.e., having 1.4
million volumes.

From the data collection for materials’ heights, we know that the volumes for materials

excluding Archives and Special Collections and microforms will almost doubled. We assume
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that the arrival rate increases in the same proportion as the increase of volumes. Therefore, the

arrival rate will double at the circulation desk.

Figure 5.4 displays the maximum queue length in the final stage in the worst case if there are
three staff members at the circulation desk. It shows that three staff members are enough to keep
the queue length relatively short. In the high season, three or four staff members are required,

depending on the maximum queue length that the library wants to achieve.

Suppose four staff members are assigned in high season, and three staff members are assigned in
middle and low seasons. Table 5-4 shows the corresponding maximum waiting time for the
staffing levels. It demonstrates that the staffing levels not only ensure short queue but also ensure

short waiting time.
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Table 5-4 Maximum Waiting Time at Final Stage (65s, 120s)

Number of staff Maximum waiting time (minutes)

High season 4 , 5
Middle season 3 6
Low season 3 5

5.2.2 Archives and Special Collections Reference Desk

The volumes of Archives and Special Collections will increase by 20% at the final stage from the
initial stage. We considered scenarios wherein the arrival rate at the Archives and Special

Collections reference desk increases by 25%, 50% and 100%.

Figure 5.5 shows the maximum queue length in different scenarios when there is only one staff
member at the reference desk. In the term (600s, 600s) in Figure 5.5, the first (resp., second)
600s denotes the average customer processing time in seconds for compact-shelf patrons (resp.,

ASRS patrons).

Figure 5.5 suggests that one staff member is enough in the middle season to keep the queue
length short at the initial stage. In the final stage, two staff members are required in the worst

case (arrival rate doubled) to keep the maximum queue length short.

Figure 5.6 displays the maximum queue length in the worst scenario in the high season when
there are two staff members at the reference desk. In the high season at the initial stage, two staff
members can achieve a relatively short maximum queue length. At the final stage, an additional

staff member may be required if the arrival rate is doubled.
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5.2.3 Selection Rule

Since the initial volumes of materials will be 0.8 million and the targeted final volumes will be
1.4 million, 0.6 million volumes of materials will be gradually added to the system. The current
volumes of Archives and Special Collections are 0.2 million, and are estimated to grow by 25%
in 15 years. Hence, the volumes of the additional materials that will be served at the circulation

desk will almost be doubled.

The pattern of circulation frequency for the additional 0.6 million volumes of materials 1s
unknown. To simplify the problem, we assume that the circulation interval is the same for all of
those additional items. For instance, if the circﬁlation interval is 20 years, it means that any of the
additional items will be requested once per 20 years.v We further assume that the chance to
request any of the items is the same and that the 0.6 million volumes will represent 0.6 million
items. Therefore, we are able to derive the annual arrival rate for the additional materials. For
example, suppose that the circulation interval is 20 years, then the number of annual requests for
the additional materials is 600,000/20 = 30,000. Since we maintain the assumption that each
patron requests a single item, the 30,000 annual requests will imply that 30,000 additional

patrons arrive at the circulation desk in one year.

In order to estimate the daily arrival rates, we make three additional assumptions:
» Pattern of the monthly arrival rate in the future follows the same as that in the initial stage.
= Pattern of hourly arrival rate in the future follows the same as that in the initial stage.

* Daily arrivals are constant in each month.

Based on the above three assumptions, we are able to calculate the average hourly arrival rates in,
e.g., the high month in high season. Inputting the new data of arrivals to the simulation model,

we get the results shown in Tables 5-5 and 5-6, which should be understood as follows:

In Table 5-5, the average customer processing time for open shelves’ patrons is 65 seconds and
the average customer processing time for the ASRS general patrons is 120 seconds. Then, based

on the above three assumptions, for any circulation interval of items of the additional 0.6 million
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volumes, we are able to get the hourly arrival rates in a high month in high season for those items.
Adding the arrival rates obtained to that of the 0.8 million volumes of materials (initial stage)
results with the total arrival rates. Thus, for example, if the circulation interval for the additional
0.6 million volumes is 20 years, and there are three staff members at the circulation desk, the
maximum number of patrons in queue will be thirteen. Tables 5-5 and 5-6 provide the
relatfonship between the number of staff members, the circulation interval of additional materials
and the maximum queue length. We can conclude from these two tables that if, for example, the
maximum number of staff members that the UBC Library is able to assign to the circulation desk
1s four and the maximum accepted queue length is ten, then only materials that are requested

once per 13 years or less can be stored in the system.

Table 5-5 Maximum Queue Length in a High Month in High Season (65s, 120s)

Circulation interval of | Daily arrivals of
additional materials ASRS general | 3 staff | 4 staff| 5 staff | 6 staff| 7 staff
(years) patrons '

20 288 13 6
15 334 18 9
14 346 23 9
13 ' 361 23 10
12 379 34 11 6
11 399 41 13 7
10 424 55 16 10
9 454 68 16 11 7
8 491 22 12 8
7 540 ' 37 14 10
6 604 20 12 9
5 695 40 16 11

Note:
(65s, 120s) means that the average customer processing time for open shelves’ patrons is 65 seconds, and the

average customer processing time for ASRS patrons arriving at the circulation desk is 120 seconds.
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Table 5-6 Maximum Queue Length in a High Month in High Season (40s, 65s)

Circulation interval of | Daily arrivals of
additional materials ASRS general | 3 staff | 4 staff| S staff| 6 staff| 7 staff
(years) patrons
20 288 8 6
15 334 11 7
10 424 14 8
9 454 15 8
8 491 18 9
7 540 27 11 8
6 604 43 14 9
5 695 20 14 10
4 853. 19 13 11

Note:

(40s, 65s) means that the average customer processing time for open shelves’ patrons is 40 seconds, the

average customer processing time for ASRS patrons arriving at the circulation desk is 65 seconds.

In Tables 5-5 and 5-6, for every circulation interval of the additional 0.6 million volumes, we
find the number of staff requirements in the circulation desk so as to reduce the maximum queue
length below the critical number of 10 patrons. Thus, for example, in Table 5-5, for a circulation
interval of 10 years, three staff members would result with a maximum queue length of 34, four
staff members would result with a maximum queue length of 11, and five staff members will
reduce the maximum queue length to six. Since for five staff members the maximum queue
length 1s reduced below the critical value of ten, it is not necessary, in this case, to calculate the

maximum queue length for a higher level of staffing.
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6. CONCLUSIONS
6.1 Bin Recommendations

As Table 5-2 shows, when different horizons are considered for the growth of Archives and
Special Collections, the derived proportion for each height of bins is different. Therefore, the

bins’ configuration will be different for different horizons.

Aside for the proportion requirements, there are other factors to consider for determining the bin
conﬁguratioh. In the ASRS, the crane must be “mapped”‘ so that it can repeatedly position itself
at the proper location in the rack. Thus, having rows with the same configuration would have
been the most efficient option for installing the system. However, the Archives and Special
Collections, which are only stored in the first three rows, require many more high bins than other
materials, which makes it more difficult to have all rows with the same configuration. So we
have to relax this requirement. Thus, we have just required that every two rows sharing the same
crane have the same configuration except for the third and fourth rows. Furthermore, we have
tried to have as many rows as possible of the same height. We used two methods to derive the
recommended configurations. One is by trial and error, and the other is by using integer
programming and rudimental search (Appendix B.4). The two methods happened to provide the

same results.

Table 6-1 Bin Configuration for a 5-year Horizon

Bins 1 row | 2%row | 3 row | 4% row | 5" row | 6" row | 7" row | 8" row T;ll:lit:]esr prI:;(t::lilon przzzgfiton
6" 0 0 0 1 0 0 1 1 183 1% 1%
10" 9 9 9 19 9 16 19 19 6674 35% 36% |
12" 27 27 27 18 27 21 18 18 11211 59% 58%
16" 2 2 2 2 2 2 2 2 980 5% 5%

Total tiers 38 38 38 40 38 39 40 40
Space left 0 0 0 0 0 1 0 0
Total bins 19048




Table 6-2 Bin Configuration for a 10-year Horizon

Bins row | 2% vow | 3™ row | 4" row | 5™ row | 6™ row | 7" row | 8" row l\j)l;l::il:‘ir pr‘:;(t)l::ilon pr::)ZE:iton
6" 0 0 1 0 0 0 1 1 186 1% 1%
10" 9 9 6 14 16 16 19 19 6606 35% 35%
12" 27 27 29 24 21 21 18 18 11335 59% 59%
16" 2 2 2 1 2 2 2 2 921 5% 5%

Total tiers 38 38 38 39 39 39 40 40

Space left 0 0 0 1" 1" " 0 0

Total bins 19048

Table 6-3 Bin Configuration for a 15-year Horizon
Bins Prow | 2% row | 3 row | 4™ row | 5% row | 6" row [ 7" row | 8% row lj)l;ll:‘il:lesr pr[:;(t)l:ilon pr::):).gfiton

6" 1 1 1 0 0 0 0 0 186 1% 1%
10" 6 6 6 20 9 9 22 22 6113 32% 34%
12" 29 29 29 19 27 27 16 16 11766 62% 60%
16" 2 2 2 1 2 2 2 2 921 5% 5%

Total tiers 38 38 38 40 38 38 40 40

Space left 0 0 0 0 0 0 0 0

Total bins 18986




6.2 Staff Scheduling

6.2.1 Circulation Desk

At the circulation desk, the hourly arrival rates are not stationary. Generally, the hourly arrival
rates are increasing before noon and decreasing after 4:00pm (Appendix C.1.3). Therefore, it is
not necessary to keep the number of staff at the same level. By ensuring the maximum queue

length in each period less than ten, we come up with the following schedules for each season.

6.2.1.1 The staff Schedules at the Initial Stage

Table 6-4  Staff Schedule in January, February, March, October and November (High Season)

Time Number of staff
8:00-11:00 1
11:00-12:00 2
12:00- 17:00 3

17:00 - 18:00 2
18:00 - Close 1

Table 6-5 Staff Schedule in April and September (Middle Season)

Time Number of staff
8:00-12:00 1
12:00 - 17:00 2
17:00 - Close 1
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Table 6-6  Staff Schedule in May, June, July, August and December (Low Season)

Time Number of staff
8:00 - 14:00 1
14:00 - 17:00 2
17:00 - Close 1

6.2.1.2 The Staff Schedules at the Final Stage (Assuming the Arrival Rate is Doubled)

Table 6-7 Staff schedule in January, February, March, October, November (High Season)

Time Number of staff
8:00-10:00 1
10:00-11:00 2
11:00- 12:00 3
12:00 - 17:00 4

3
2
1

17:00 - 18:00
18:00 - 19:00
19:00 - Close

Table 6-8 Staff Schedule in April and September (Middle Season)

Time Number of staff
8:00-10:00 1
10:00-11:00 2
11:00- 18:00 3

18:00 - 19:00 2
19:00 - Close 1

33




Table 6-9 Staff schedule in May, June, July, August and December (Low Season)

Time ' Number of staff
8:00 - 10:00 1
10:00 - 12:00 2
12:00 - 17:00 3
17:00 - 18:00 2
18:00 - Close 1

6.2.2 Archives and Special Collections Reference Desk

Since the hourly arrival rates for the Archives and Special Collections do not vary a lot during a
day, the number of staff members at the Archives and Special Collections reference desk will

remain constant during the day. The required number is recommended to be either two or three.

6.3 Selection Rule

According to the simulation results, assuming a maximum of four staff members at the
circulation desk, materials with circulation intervals longer than 13 years are recommended to be

put into the system to avoid a maximum queue length exceeding ten.
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7. REQUIRED STAFFING LEVELS USING QUEUEING THEORY

In the simulation model, all the staff members are assumed to have the same responsibilities. In
this section, further analysis, using queueing theory methodology, is carried out under the

assumption that staff members at the circulation desk are dedicated to different tasks.

The staff members at the circulation desk have three major tasks:
* Serve open-shelf patrons
¢ Serve ASRS general patrons

* Pick up requested items in ASRS and deliver them to the circulation desk

Therefore, we separate the staff members into three categories accofding to the three different
tasks. It normally takes, on average, less than one minute to complete the third task according to
information provided by library staff at other universities that have the ASRS in operation.
Therefore, we assign one minute to the third task for each requested item. It implies that
additional staff member is required for this task for each marginal increase of sixty in the hourly
arrival rates. We further assume that 'any requested item by an ASRS patron is available when
he/she reaches the circulation desk. Thus each type of patrons, either open-shelf or ASRS, can be

analyzed separately by queueing model.

Queueing theory methodology can be used to derive the values of various system performance
indicators. For example, it can be used to derive the average queue length, average waiting time,
the distribution of queue length, the distribution of waiting time and the probability that a certain
‘number of patrons are in the queue. The service level requiring the probability that a patron
should wait less than 5 minutes is greater than 80%, is adopted in this section to determine the

minimum number of staff members required.

For each type of patrons, the inter-arrival time and the service time are assumed to have
exponential distribution and that there are s staff members serving each type of patrons. Different
types of patrons have different queues. Then the queueing system for each type of patrons can be

modelled as an M/M/s system, and we can use, e.g., Gross and Harris (1998), to obtain various
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measures for system performance, including, e.g., the cumulative distribution function of the

waiting time in queue, which is presented below.

sl
sl(s—=A/u)

Wq(t) = _ (7-1)

(AL )" (1= e )
(s=DW(s—-A/p)

T o (t=0)

To+We(0)  (0)

where we denote by
W(t) - Probability (time in queue < t)
A - the arrival rate
u - the service rate
k - number of patrons in the system
s - number of staff members in the system, and

7o — probability that there are no patrons in the queue in steady state, where

N R AV A 0 ) M
" 6 i) Afsp<1

The probability that there are k patrons in queue is:

L Hyr, fork=1,2,....,5
k! u
= (7-2)
l(11—)5( A ) fork=s
Vs sp
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The mean number of patrons in the system, Lo, waiting for service is:

Lo=To Ly (Ao (7-3)
stu (1-A/sp)
and the mean waiting time, Wy, in queue is:
L
Wo= -2 7-4
0= (7-4)

The analysis is carried out for peak hours in a high month in high season and the average service
time for ASRS general patrons is 120 seconds and the average time for open-shelf patrons is 65s.
At fhe initial stage, according to our previous assumption, one staff member is dedicated to open
shelves’ patrons, one is dedicated to ASRS general patrons and the third one is responsible’ for
picking up requested items from the ASRS and sending them to the circulation desk. Then, using

the above formula, we are able to derive the various indicators representing system performance
(Table 7-1).

Table 7-1 System Performance with Dedicated Staff Member

T P(N> 10) L, Wy(minutes) | W,(0) Wq(2) W,(5)
Open-shelf patrons 0.37 0.03 1.7 29 0.37 0.68 0.88
ASRS general patrons 0.40 0.01 1.5 5.0 0.40 0.60 0.78

Note: N is the number of patrons in queue

It follows from Table 7-1 that one staff member is able to meet the serﬁce level for open
shelves’ patrons. However, for ASRS general patrons, the probability that patrons wait for less
than 5 minutes is a little lower than 0.8, even though the probability that more than ten patrons
are in the queue is very low. But the probability of no patrons in queue is 0.4 (w). It implies that
staff utilization is low. Furthermore, a maximum of eighteen ASRS general patroné arrive at the

desk in the peak hours. Thus, the utilization of the staff member who is responsible for fetching
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requested items 1s only about 0.3. This low utilization of staff members implies that system |
performance can be improved without adding staff. To verify this point, simulation analysis is
used to derive the system performance when all the staff members do all tasks and there is only

one queue for both types of patrons. The simulation results are presented in Table 7-2.

Table 7-2  System Performance with Same-task Servers Derived by Simulation

Ty Ly Wy(minutes) W,(0) W,(2) W,(5)
System performance 0.66 0.5 0.54 0.66 0.90 0.99

By comparing the result in Table 7-2 and Table 7-1, it is obvious that the service level is much

better when each staff member does all tasks.

The above results are for the initial stage:'When more materials are added into the system, the
number of patrons at the circulation desk is increasing. Table 7-3 displays the required number of
staff for ASRS patrons that ensure 80% of patrons wait less than 5 minutes in the peak hour
based on the M/M/s queueing model. Table 7-4 presents the percentage of ASRS patrons waiting

less than 5 minutes based on the simulation results.
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Table 7-3  Percentage of Patrons Waiting Less Than 5 Minutes in Peak Hours
in a High Month in High Season Based on Queueing Model

Circulation interval Hourly Number of staff members for | Total required
of additional arrivals ASRS general patrons ~ | number of staff
materials(years) 2 3 4 members

20 34 95% 4

15 40 90% 4

14 41 89% 4

13 43 85% 4

12 45 82% 4

11 48 77% 99% 5

10 50 99% 5

9 54 98% 5

8 59 97% 5

7 66 93% 6

6 74 82% 6

5 85 41% 98% 7

Note: When the number of requested item is greater than 60(each item represents a patron), two staff
members are required to pick up requested items (one minute for each item).

Table 7-4  Service Levels for ASRS Patrons in Peak Hours in a
High Month in High Season Derived from Simulation

Circulation interval Hourly Total required number of staff
of additional .
. arrivals
materials(years) 3 4 5 6

20 34 82%
15 40 98%
14 41 97%
13 43 97%
12 45 94%
11 48 93%
10 50 87%
9 54 86%
8 59 68% 97%
7 66 93%
6 74 86%
5 85 92%
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Note:

Required number of staff

Number of staff

SO N B O\ O

20 15 14 13 12 11 10 9 8 7 6 5

Circulation interval of additioan materials (years)

----- #-- Queueing model service level 1
«- Simulation model service level 1

Figure 7.1

Required Number of Staff at the Final Stage Given
Different Circulation Interval for Added Materials

Service Level 1: 80% patrons wait less than 5 minutes.
Service Level 2: the maximum queue length is ten.

Figure 7.1 displays the total required number of staff based on the queueing and simulation

methods for different service levels. When Service Level 1 is used for determining the staff

levels, the policy that all staff members do all tasks will require one less member than the policy

that staff members are assigned to dedicated tasks. It implies that having all staff doing all tasks

is a better policy.

Service Level 2 requires no less staff than service level 1. It implies that the staffing levels

derived based on Service Level 2 ensure that Service Level 1 is met.
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APPENDIX A - PROCESS MAPS
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APPENDIX B — SAMPLING RESULTS OF MATERIALS’ HEIGHTS

Information about the heights of some materials is available in the UBC Library database. The
reason that information for those materials has been entered into the system and information for
other materials is not in the system is unknown. It was suggested that we should physically

verify the height of materials for the ASRS.
B.1 Materials Excluding Archives and Special Collections and Microforms

At the time we started to make the measurement, the materials in MN2 and MN7 have been
removed and stored out of campus. In these two locations, the shelves’ heights varied with the
materials’ heights. Therefore, all shelves’ heights were measured and used as an approximation
for materials’ height in these two locations. Table B-1 presents the sampling results for the
materials in Main Storage, Library Processing Centre and Open shelves’ inactive serials (all the

materials excluding Archives and Spécial Collections and microforms).

Table B-1 Heights Proportion of Materials Excluding Archives and
Special Collections and Microforms
Proportion Proportion based on Proportion
data collected from
. based on data based on data
Height collected for open shelf, from database
Category ' LPC,MNA&B&K and
all three for all three
location data from database for locations
S MN2 & MN7 !

H< 9” 19.01% 20.14% 25.71%
9”<H<10” 31.09% 32.12% 34.16%
10"<H <117 28.47% 27.83% 11.29%
11”<H < 12” 13.75% 13.47% 25.84%
12’<H <16” 6.81% 5.72% 2.88%

H> 16" 0.87% 0.71% 0.12%
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The results suggest ten-inch and twelve-inch bins are best choices. Materials higher than sixteen
inches will be put flat in the ten-inch bins, resulting with a new proportion distribution as shown

in Table B-2.

Table B-2 shows that the proportions for twelve-inch bins and sixteen-inch bins derived from the
physical measurement are higher than that derived partly or completely from the database. Thus,
the configuration of bins based on physical measurement results is safer. Indeed, if the number of
low bins is underestimated, we can put low heights materials into high bins. But, it is impossible
to put high materials into low bins. Therefore, the proportions based on measured data is used to

estimate the number of bins of each height.

Table B-2 Proportion of Required Bins for Materials Excluding

Archives and Special Collections and Microforms

. Proportions based on Proportions based on data Proportions based on
Height data collected for all collected from Open shelf, data from database for
Category three locations LPC,MNA&B&K and data all three locations
from database for MN2 & MN7
10" 50.96% 52.98% 59.99%
12" 42.22% 41.29% 37.13%
16" 6.81% ' 5.72% 2.88%

B.2 Archives and Special Collections

All materials for Archives and Special Collections will be put into boxes before being placed
into bins. There are more than 20 types of boxes but the heights of most boxes are between 10.5”
~and 12”. By measuring boxes dimensions, we found that the number of bins for Type 1 box
(dimensions shown in Table B-3) should be determined by the number of Type 1 boxes. Each
bin is able to hold 2 or 3 of Type 1 box depending on how the boxes are placed in the bins.

Figures B.1 and B.2 present two such methods. By considering the space left, storing two Type 1




Boxes in each bin is a better choice. In Method 1, the width of space left on the right is 7.25”
(247-16.75”). The width is shorter than the widths of many types of materials in the library. In
Method 2, the width of space left on the right is 10.75” (24” — 13.25”). It has fewer constraints
on materials’ dimension than Method 1. For other types of boxes, the number of bins required

can be estimated based on the number of shelves they occupy.

Table B-3 Type 1 Box

L (inch) W (inch) Quantity Bins required
Type 1 16.75 13.25 5078 2539

Table B-4 Number of Bins Required

. . Bins required by Bins required by . .
Bin height type 1 box other boxes Quantity of bins
12~ 2539 1841 4380
16” 0 20 20

Each year the volumes added to Archives and Special Collections occupy up to 149 Type 1
Boxes, which is equivalent to 74.5 bins. Table B-5 gives the number of additional bins needed in

the next 5, 10 and 15 years. Table B-6 provides the total number of bins required by Archives

and Special Collections for these different horizons.




5"15.5
5"15.5
16.75°13.25
w
@
=
(=3
=
(3 5°15.5
16.75 *13.25
5"15.5
16.75 * 12.75
24 inches

Figure B.1 Method 1 of Placing Type 1 Box in a Bin

5*12.5
7.675*12.5 7.675°15.5
8
=
2
© 16.756*13.25
~r
7.675*15.5
16.75%13.25
7.675*15.5
24 inches

Figure B.2 Method 2 of Placing Type 1 Box in a Bin
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Table B-5 Forecast Number of Bins for Different Years Horizons

Additional bins for a | Additional bins for a 10- Additional bins for a
5- year growth year growth 15- year growth
Quantity 373 745 1118

Table B-6 Final Number of Bins Required Considering Future Growth

Current volumes + 5 years forecast

Current volumes + 10 years forecast

Current volumes + 15 years forecast

Percentage Percentage Percentage
Bin Number | Equivalent Number | Equivalent Number of | Equivalent
of 1.4 of 1.4 of 1.4
Height | of bins Tiers of bins Tiers bins Tiers
million million million
127 4753 77 27.84% 5125 83 30.02% 5498 89 32.20%
16” 20 1 0.12% 20 1 0.12% 20 1 0.12%

Note: Each bin holds 82 volumes of materials.

B.3 Microforms

Microforms will also be placed in boxes before being stored in bins. There are four types of

boxes. The fewest number of boxes that one bin will be able to hold is nine. After counting the

number of boxes, we concluded that 93 six-inch bins would be required in the worst case

scenario.

The targeted capacity (1.4 million volumes) is 1.7 times of the current volume (0.8 million). This

ratio is applied to microforms and is used to estimate the number of six-inch bins required in

total. As a result, 158 six-inch bins will be required, that is 3 tiers, which is equivalent to 1.09%

of 1.4 million volumes.
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B.4 Bin Configurations

Based on the results from data collection, the amount of additional space given to Archives and
Special Collections determines the total percentage of materials from the Open shelf inactive
serials, LPC and Main Storage (Figures B.3, B.4 & B.5). Therefore, the percentages for ten-inch,

twelve-inch and sixteen-inch bins are different in different scenarios (Table B-7).

In calculating the percentage of different bins in each scenario, the following approach is
. followed. First the space is reserved for miéroforms and the Archives and Special Collections for
the 5, 10 and 15 years projections. Then the remaining space is used to calculate the percentage
of different height bins using the data collected from the open shelves, LPC and Main Storage.
For example, consider the 36.16% figure in Table B-7 below which estimates the percentage of
10” bins and a 5-year growth for Archives and Special Collections. This figure is calculated as
follows: Microforms occupy 1.09%, and Archives and Special Collections occupy 27.96%. Then,
70.95% space is left for the materials from open shelves, LPC and Main Storage according to
Table B-2, 50.96% of materials from these locations require 10” bins. Thus the final percentage

for 10” bins is 50.96%%70.95% = 36.16%, as shown in Table B-7.
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Table B-7 Proportion of Each Height Category

Proportion (given a 5-year | Proportion (given a 10- Proportion (given a 15-
Bin height growth of Archives and year growth of Archives year growth of Archives
_Special collections) and Special Collections) and Special Collections)
6” 1.09% 1.09% 1.09%
107 36.16% 35.05% 33.94%
12”7 57.80% 59.06% 60.32%
"16” 4.95% 4.81% 4.66%

Based on the proportions shown in Table B-7 and other constraints, we have formulated the bin
configuration problem as an integer program model. We present below the analysis of the 15-

year horizon problem as an example to illustrate the method.

We denote by x; the number of tiers whose bins in row i are of height j; j=1 stands for six-

inch bins, j=2 stands for ten-inch bins, j=3 stands for twelve-inch bins, and j=4 stands for
sixteen-inch bins. One inch height of clearance should be given between every two tiers.
Therefore the heights used in the integer program model are bins’ heights plus one. For example,
for a six-inch bin, the actual height used is seven inches. Furthermore, two and a half inches of
additional height should be given for every 5 tiers. Since initially we did not know the total
number of tiers in each row, we have approximated this height requirement by the term

Xy + Xy +X5+X

2.5%( BY)=0.5* (x; + x5 + X5 +X,,)

The total space height is 500.5”, which determines the space constraint (b-1).

* Space constraint:
T*x, +11* x, +13%* x, +17* x, +0.5* (x,, + x, + x; + x,)<502,

for i=1,2,...,8 (b-1)

The left-hand-side of (b-1) can be viewed as if 1.5 inches’ clearance is given between any two
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tiers. However, such clearance is not needed for the top tier bins. Therefore, an extra 1.5 inches

are added to the right-hand-side whose value becomes 502 (500.5 + 1.5).

(b-2) to (b-5) are implied by the proportion constraints. Since feasible solutions were not
obtained when the pfoportion of each bin height is forced to be equal to the number shown in
Table 8-1, and it is better to overestimate the high bins than the low bins, we assign less than or
equal sign to the constraints for six-inch and ten-inch bins, and greater or equal sign to the

constraints for twelve-inch bins and sixteen-inch bins. Thus, we obtain:

* Modified proportion constraints:

o0

8

D x, <0.0109 * Zix,.j (b-2)

S =1 j=1

8 8

D x, <0.3394 zix,.j ' (b-3)

i=l i=1 j=1

8 8

x;; >0.6032 * 4 X; _ (b-4)
2% 225

i=1 =l j=l1

8 8

D x, 20.0466 * Zix,.j (b-5)

i=1 i=1 j=1

Recall that rows 1, 2 and 3 store Archives and Special Collections. In these three rows, the total
number of twelve-inch bins should not be less than 5498 and the total number of sixteen-inch
bins should not be less than twenty. Because bins in the same tier in the same row should have

the same height and there are 62 bays in each of the first three rows, we obtain the following

constraints:

* Archives and Special Collections constraints:

3

> x; 25518 (b-6)

i=1

53




3
D x,>62 (b-7)

* Any two rows sharing the same crane shall have the same configuration except for rows 3

and 4 (refer to 6.1)

for i=1,57;, j=1,234 (b-8)
x; is non-negative and an integer

The objective function is to maximize the total number of bins:

8 4
Maximize z= ZZxV . (b-9)
i=1 j=I

We have used linear programming (LP) relaxation, and branch method to solve the above integer

programming problem. Recall that the LP relaxation of an integer program max {cx: x ¢ PN Z"}

has a constraint set P={ x ¢ R”: Ax<b} and an optimal value z* = max {cx:x e P }.

One important property of the relaxed problem is that the value of its objective function is
always better or equal to that of the Integer Program. The relaxed problem can be used to find a
good solution to our bin configuration problem. The solution for the LP relaxation problem is

shown in Table B-8.

Table B-8 Solutions of the Linear Programming Relaxation Problem

8
VA
qu
i=1

8
Z Xiz
i=1

8
Z Xi3 me
i=1 =

19747

35

108.2
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The number of tiers corresponding to table B-8 is shown in Table B-9.

Table B-9 Numbef of Tiers in Each Row

1* row

2" row

3" row

4" row

th
5" row

h
6" row

th
7" row

8™ row

41.6

41.6

38.3

34.1

38.6

38.6

44.8
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The total number of tiers in each row is between 30 and 45, and Table B-10 presents eight

different scenarios for the number of tiers in each row. Therefore, a branch and bound method is

applied to find out scenarios having feasible solutions (Figure B.6).

Table B-10 Different Scenarios for Total Number of Tiers in Each Row

Total number of tiers N

Scenario
1*row | 2™row | 3"row | 4"row | 5"row | 6"row | 7™ row | 8" row
1 - N240 N>40 35<N=<40 N<35 35<N<40 | 35<N<40 N>40 N>40
2 35<N<40 | 35<N<40 | 35<N<40 N<35 35<N<40 | 35<N=<40 N>40 N>40
3 35<N<40 | 35N<40 | 35SN<40 | 35<N<40 | 35<N<40 | 35<N<40 N=>40 N>40
4 N>40 N>40 35<SN<40 | 35SN<40 | 35SN<40 | 35SN<40 | N>40 N>40
5 N>40 N>40 35<N=<40 N<35 35<N<40 | 35<N<40 | 355N<40 | 355N<40
6 35<N<40 | 35SN<40 | 35<N<40 N<35 35<N=<40 | 355N<40 | 35<N<40 | 35sN<40
7 35SN<40 | 35<N<40 | 35<N<40 | 35SN<40 | 35SN<40 | 35<N<40 | 35<N<40 | 35<N<40
8 N>40 N>40 35<N<40 | 35<N<40 | 35<N<40 | 35<N<40 | 35<N<40 | 35<N<40

Note: The (b-1) to (b-8) constraints and the objective function ensure that the total number of tiers in each

row will never be greater than 45 or less than 30.

For each scenario, we can determine the number of extra 2.5 inches that should be added.

Therefore, the space constraint can be accurately represented. Furthermore, since there are

constraints for the total number of tiers in each row, such constraints should be added. Here we




take Scenario 1 as an example to explain how to revise the space constraints and add new

constraints for each row.

In Scenario 1, the total number of tiers in any of the rows 1,2,7 and 8 is more than 40 but less
than 45, which suggests that an extra 20 (2.5*8) inches should be added. Therefore, there is only
480.5 (500.5-20) inches left for accommodating bins and the required one inch clearance
between every two tiers (b-12). Notice that one extra inch is given on the left-hand-side because
top tier bins do not need such clearance, the right-hand-side changes to 481.5 (480.5 + 1). Repeat

the calculation for the other rows and we get the revised space constraints which replace (b-1):

T*x, +11* x, +13* x, +17* x,, < 484 for i=3,5,6 (6-10)
T*x, +11* x, +13* x, +17* x,, < 486.5 for i=4 (6-11)

{

7% x, +11% x, +13% x, +17* x,, < 4815 for i=1,2,7,8 (6-12)

The newly added constraints for the total number of tiers are:

M-
S
N
5

for i=3,5,6 (6-13)
Jj=1

4

D x; =35 for i=3,5,6 (6-14)
J=1

4

D x; <35 for i=4 (6-15)
= :

4
> x; =40 for i=1,2,7,8 (6-16)

We solve the new relaxed problem corresponding to each scenario to obtain the results shown in
Figure B.6. Then the requirement for variables to be integer is added step by step, starting from
the type of bins having the smallest value, to check under which scenario a feasible solution
exists. After imposing the integer requirement to six-inch bins and sixteen-inch bins, feasible

solutions are obtained in scenarios 1 2, 6 and 7. In all scenarios, the total number of tiers for six-
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inch bins is less than four and the number for sixteen-inch bins is less than 16 (results of Step 3).

Before we move on to add integer requirement to other variables, we first add two constraints

forx; and x,, :

x, €{0,1} fori=1,2,....8 (b-17)

X, <2 . fori=1,2,....8 (b-18)

The constraints are added because it is better to evenly allocate each type of bins to each row.

Then we solve the new model and keep on moving by adding integer requirement for x;, and x,,.

After Step 6, feasible solutions are obtained in scenarios 6-and 7.

Step 1

Scenario | Scenario 2 Scenario 7 Scenario 8

No
feasible
solution,

No
feasible

No
feasible
solution,

feasible
solution

X, isinteger X, is integer
Step 2
69
Step3 X4 Is integer X4 is integer X, is integer
6%
Send X,y is binary Xy is binary X, is binary
ep
Y s2 X4 <2 Xia S22

X,y I8 integer X,y integer

Step § X,y is integer X, is integer

X,y is integer X, 3is integer X, 3is integer

Step 6

solution

Figure B.6 Branch Tree to Select Scenarios with Feasible Solutions

Note: i=1,2,...,8
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The constraints for evenly allocating ten-inch bins and twelve-inch bins in the system are not
reasonable because Archives and Special Collections require much more twelve-inch bins than
other materials. Therefore, the process of finding feasible solutions using Integer Programming
model is stopped when Step 6 is finished. The derived solutions for the number of bins in each

row are shown in Table B-11 and Table B-12.

Table B-11 Results of Scenario 6

Bins 1" row | 2" row | 3™ row | 4" row | 5" row | 6" row | 7" row | 8" row
6" 1 1 1 0 0 0 0 0
10" 6 6 4 0 22 22 22 22
12" 29 29 32 33 16 16 16 16
16" 2 2 1 2 2 2 2 2
Total tiers 38 38 38 35 40 40 40 40
Total heights 500.5 500.5 500.5 477 500.5 500.5 500.5 500.5
Space left(inches) 0 0 0 23.5 0 0 0 0
Table B-12 Results of Scenario 7
Bins 1*row | 2" row | 3 row | 4" row | 5" row | 6™ row | 7" row | 8" row
6" 1 1 1 0 0 0 0 0
10" 6 6 4 26 23 23 9 9
12" 29 29 32 12 15 15 27 27
16" 2 2 1 2 2 2 2 2
Total tiers 38 38 38 40 40 40 38 38
Total height 500.5 500.5 500.5 492.5 498.5 498.5 500.5 500.5
Space left(inches) 0 0 0 8 2 2 0 0

There is a space waste in Both Scenario 6 and Scenario 7, which suggests a further exploration.

Scenario 6 and Scenario 7 have the same configuration for rows 1 and 2, in which no space is
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wasted. Rows 5 to 8 in Scenario 6 and rows 7 and 8 in Scenario 7 suggest two possible
configurations with no space Waste. Therefore, those configurations are kept initially and new |
configurations for Row 3 and Row 4 are further sought by rudimentary search. The final
configuration is shown in Table 6-3. The solution sacrifices 104 twelve-inch bins in Row 1 to

Row 3 to prevent a space waste. Such a sacrifice is acceptable by UBC Library.
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APPENDIX C- ARRIVAL RATES

C.1 Circulation Desk

There are two types of patrons at the circulation desk. The first type of patrons is the ones

coming from open shelves, while the other is those requesting materials other than Archives and

Special Collections in ASRS.

Average Daily Requests and Renewals
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o
& 600 G
X ? ? /
S 5002 A N_e i AN
3 I A T A A AV
c o1 /| | i /] /]
Y B4 AN A sl N AT S N
m H T ’[ ¥ ‘:f i “‘-
Saop & s\ FU | g
S % [ / [
2 200 bood ‘%& \‘“\é :
1]
S
3 100
x
Oq)‘llgllclvlj'llclolllc;;liﬂ-lllq;lltlo'llc;;lg’l(t;ll(?’],oﬁlélll(?
> b3 33 3888 3535 5 = 8
(<20 =) B < B o B &> e o O O 9 O 9 o O o
Date

Figure C.1 Open shelves and Storage Locations Average Daily Requests and Renewals

There 1s neither an increasing nor a decreasing trend for the average daily requests and renewals
in each month during the past five years. Therefore, we assume that the number of requests and
renewals in the future will remain at the same level and historical data are used to determine the

high, middle and low seasons.

In the high season, two months are selected. One has the highest arrival rate and the other has the

lowest arrival rate. These two months are selected in order to examine whether the same staffing
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levels are required during high season. In the middle and low seasons, the month with the highest
arrivals are selected. The staffing level determined by those representative months will meet the

service requirements in other months of the same seasons.

Total

550

January, February, March,
October, November

500 ».

450

400

%0 — } April, September

300 *

‘e o May, June, July, August, December

290 {—

200

Figure C.2 Average Daily Requests and Renewals for

Materials on Open shelves and in Storage Locations

Based on Figure C.2 and detailed data analysis, the months in different seasons and the

representative months are shown in Table C-1 for the circulation desk.
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Table C-1 Seasons and Representatives

Season Months Representatives

January,February, March,

High October, November March, January
Middle April, vSeptember September
Low May, June, July, August, December

December

In each of the selected months, we ﬁfted the distribution of the daily arrivals and selected the 95

percentile values as the estimated daily arrivals for further analysis.

C.1.1 Histogram of Daily Arrivals of Open-shelf Patrons

Histogram
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Figure C.3 Daily Arrivals of Open-shelf Patrons in a High Month in High Season
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Figure C.4 Daily Arrivals of Open-shelf Patrons in a Low Month in High Season
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Figure C.5
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Daily Arrivals of Open-shelf Patrons in Middle Season
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Figure C.6 Daily Arrivals of Open-shelf Patrons in Low Season

C.1.2 Daily Arrivals of ASRS General Patrons

UBC Library has records of requests for materials in Storage Location. Inactive serials are
currently not circulated and records for Library Processing Centre are not available. The volumes
in these three locations are almost the same. We assume that the number of requests has the same
linear relationship with the volumes in those three locations. Therefore, the total number of
requests for all those materials will be three times the number of requests in the Storage

Location.

For the Storage Locations, we have two sources of data. One is from the original slips which
patrons filled in to request materials and the other is the Library annual summary. We notice that
the statistical summary for the number of requests is around 3 times the number of requests
counted from slips. To be conservative, we assume that the annual summary figures are correct
and the number of daily requests is three times the number of requests we counted from slips.
There are two methods of fitting the distribution and finding the value of the 95th percentile. The
first method is multiplying the original data by three, fitting the distribution and finding the 95th
percentile value. The second method is fitting the distribution with the original data we have

counted from slips, finding the 95th percentile value, then multiplying the value by three. We

64



have tried both methods and found that the second method comes up with a slightly higher value.
To be conservative, we have selected the second method. Therefore, the final daily arrival rate
for slow moving materials excluding Archives and Special Collections and microforms is around

9 times the 95th percentile value of the distribution fitted by the data from original slips.

The ratio of the number of requests over the number of patrons is 1.6. So each request is deemed

as a patron. Thus, we fit distributions for daily requests to get daily arriving rates.

Histogram

40% Estimated distribution based on slips:
-0.5 + Gamma (7.17+1.42)
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Figure C.7 Daily Requests in a High Month in High Season

Library statistical record for the month is 3 times the sum of available slips record.

Therefore daily arrivals are estimated to be 3*3* 17 =153.
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Figure C.8 Daily Requests in a Low Month in High Season

Library statistical record for the month is 3.4 times the sum of available slips record.

Therefore the estimated daily arrivals are 3.4*3* 14=141.
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Figure C.9 Daily Requests in Middle Season

Library statistical record is 2.84 times the sum of available slips record. Therefore the estimated

daily arrivals are 2.84*3* 11=93.
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Figure C.10 Daily Requests in Low Season

Library statistical record is 3 times of the sum of available slips record. Therefore the estimated

daily arrivals are 3*3*9=81.

The summary of the daily arrival rates for estimating staffing levels at the circulation desk is
shown in Table C-2.

Table C-2 Daily Arrival Rates at the Circulation Desk

Number of patrons / Day March January September December
Open shelves 276 226 205 130
ASRS 153 141 93 81

C.1.3 Hourly Arrival Patterns in Different Seasons

On each day, the arrival rate is not constant. We estimate the pattern of hourly arrivals based on

the transaction records in the database for the number of patrons processed in each hour at the

circulation desk in the representative months (Figure C.11 — Figure C.14).
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C.2 Archives and Special Collections Reference Desk

The detailed arrivals’ data at the reference desk are not available. UBC Library has statistical

summary of total requests in each month. To be conservative, we still assume that each request

represents one patron.

Since detailed data are not available, we use the average daily requests in the selected month to

represent the number of arrivals (Table C-3). The average of daily requests is obtained by

dividing the monthly request over the number of working days. Since the requests for Archives

and Special Collections are véry low, the low season is negligible for analysis.

70

60

50

40

20

Number of Requests

10

H
30

Average Daily Requests

N a3
R H—

Sep-98

Dec-98
Mar-99 7
Jun-99
Sep-89 1
Dec-99 7
Mar-00 |
Jun-00
Sep-00 |
Dec-00 |
Mar-01 7
Jun-01

Month

Sep-01 1

Dec-01 1

Number of Regeusts

70

60

50

40

30

20

I
+3

§ ¢

¥

+

o
RIS Tt L

<4— March

<4—  Qctober
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Table C-3  Arrival Rates at the Archives and Special Collections Reference Desk

March | October
Archives 37 25
Books 27 20
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The requests for microforms are ignored in the analysis because those that will be put into the

system are seldom requested and their circulation data are unavailable.
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APPENDIX D SIMULATION MODEL- USER GUIDE
D.1 Introduction

The UBC Irving Barber Learning Center ASRS simulation model(ASRSSIM), developed by the
Centre for Operations Excellence, is a visual replication and analysis tool developed for
borrowing process at the UBC Irving Barber Learning Centre éfter the ASRS is installed. This
version of the ASRSSIM has been created using Arena 6.0 software.

To help visualize the future borrowing process, the ASRSSIM animates the ASRS operations:
Cranes and librarians are either busy or idle and patrons are either waiting in queue or doing
checkout through the system. The visual representation allows users to see how the system

would behave when system parameters such as staffing levels and customer processing time vary.

The modeling tool requires four Creates in order to operate. Two schedules, Schedule Openshelf
and Compactshelf, drive the creation of patrons arriving at the circulation desk and the reference
desk. The other two schedules, Schedule ASRS and Schedule Archives, drive the creation of
requests sent to the ASRS, those requests are duplicated as patrons in the models. Those

schedules can be copied from excel file.

In addition to providing visualization of the operations of ASRS and librarians, the simulation
provides statistics output in real time over the duration of a simulation run. Final statistics are
also generated at the end of each simulation run. Output statistics displayed during a run include:
Cranes’ utilization, Librarians’ utilizétion, Queue length, average waiting time, maximum
waiting time, etc. Generated output statistics include: Maximum number of patrons in queue at
the circulation desk, Maximum waiting time in queue at the circulation desk, Maximum number

of patrons in queue at the reference desk.

The ASRSSIM has been modified into two separate versions. The two versions are slightly

different in Librarian operation logic because it is too hard to depict the actual operations when
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there are multiple librarians. The logic for Librarian operations is simplified but has little impact

on the parameters of interest.
D.2 Logic Overview

The logical framework is the motor that drives request and patron entities through the simulated
borrowing process. This framework is contained in one main logic section and 24 sub-models. 4
sub-models represent the operations of four cranes. 16 sub-models represent the process in which
the librarians fetch requested items from workstation. 2 sub-models represent the check out
process at the circulation desk. 2 sub-models represent the borrowing process at the reference

desk.

Modeling is initiated with the creation of patron (open shelves and compact shelves) or request
(ASRS) entities. Attributes are assigned to requests to record the ID number and the type of
requested item (Archives and special collections or Non Archives and Special Collections). Then
the requests will initiate the corresponding cranes to move. At the same time, the requests are

duplicated as patrons who will show up at the circulation desk or reference desk.

Cranes Pick up and Return Bins

Each crane has two simultaneous movements: horizontal and vertical. Variables are assigned to
control the movement of a crane to make sure it moves correctly. After a bin is picked up by a
crane, it will be dropped onto an empty workstation, waiting for a librarian to pick up the
requested item(s). Each workstation can only hold one bin. Each aisle has two workstations. In
an urgent case, the crane is instructed to pick up a bin and hold the bin at the front of the aisle
until a librarian arrives to pick up the requested item(s). After the librarian picks up the item(s),

the crane is instructed to put back the bin.

The sub-models under each crane model simulate the returning process.
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Items Picked up Process

When an item is ready to be picked up, a librarian will come over to the workstation and pick it
up from the bin. Then the librarian will check if someone is waiting at the desk. If yes, s/he will
go back to the desk with the item. Otherwise s/he will check if there is any item waiting to be
picked up. If yes, s’/he will go to the corresponding workstation to pick up the item(s). Otherwise

s/he will go back to the desk.

Checking out Process

Checking out process for ASRS patrons is more complicated than the checkout process for open
shelves patrons or compact shelves patrons. When an ASRS patron reaches the desk, the
librarian first checks if the requested item is ready on the shelf at the desk. If it is, the librarian
will find the item and perform a checkout for the patron. Otherwise, the librarian will check the '
processing status of the requested item. If it is ready at the workstation, the librarian will go and
pick up the item, then come back to do the checkout. If the request has not been processed by the
crane, the librarian will prioritize the request, pick up the item when it is reédy at the workstation,
and does the checkout for the patron. The sub-models in this process are used to check the status

of the request.

D.3 Animation Screen

The graphical animation screen that accompanies the simulation allows users to assess the
current state of the model and determine how well the system is operating. The ASRS, librarians

and associated queues are animated. A screen shot of the animations can be seen in Figure D.1.

The top of the animation screen shows the vertical movements of the cranes. The L-shape

illustrates the horizontal movements of the cranes.

The queue line in front of librarian in the middle of the screen shows the number of patrons

waiting for service.
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The status of cranes and librarians are animated using different colors. Blue means idle and red

means busy. The patrons in green are those who requested items belonging to ASRS.
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Figure D.1 Screen Shot of Animation

D.4 Shortcut Keys

There are many screens in the simulation models that are accessible with shortcut keys. The user
can simply press a key on the keyboard to gain the best view of certain simulation screen. Most

useful shortcut keys are listed in Table D-1.
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Table D-1 Shortcut Key List

Shortcut key Description

a Archives and Special Collections reference desk screen (large)
c Circulation desk screen (large)

g Graphs for status of cranes and librarians and queue length

s A view for statistics

D.5 Running Result Report

After the user click the stop button when any of the simulation model finishes running, a window
will appear to ask if thé user would like to see the result. If the user selects Yes, a text file will
automatically pops up. The common results shown in the file are the maximum number of
patrons waiting in queue at the circulation desk, maximum waiting ﬁme in queue at the
circulation desk, maximum number of patrons waiting in queue at the Archives and Special
Collections reference desk. The text file from the simulation model with one librarian at each

desk will provide the following information as well:

Percentage of patrons with service time less than 2 minutes
Percentage of patrons with service time less than 3 minutes
Percentage of patrons with service time less than 4 minutes

Percentage of patrons with service time less than 5 minutes
D.6 Dynamic On-screen Displays
In addition to being shown on the post-run reports, some model outputs have been animated and

updated as the simulation run progresses. These outputs are shown when the shortcut key “s” is

pressed. A screen shot of the information display is shown in Figure D.2.
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Figure D.2

Screen Shot of Statistic Data
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